ABSTRACT In this paper, we investigate a wireless-powered dual-hop relaying multiple-input multipleoutput system, which consists of a multi-antenna source (S) node, a multi-antenna destination (D) node, and N (N > 1) single-antenna wireless-powered relaying nodes. At each relay, a power splitting receiver is applied to process the received signal for information decoding and energy harvesting simultaneously, and a decode-and-forward scheme is adopted to forward the processed information. Furthermore, the energy harvester at each relay is assumed to be non-linear with a saturation threshold to limit the power level of the energy. Assuming imperfect channel state information is available both at S and D, outage performance is investigated when S adopts transmit antenna selection in the presence of feedback delay and D performs maximal ratio combining technique to deal with the multiple copies of signals with channel estimation errors. Taking into account a K th best relay selection criterion, which results in the K th best performance in terms of outage probability for the source-relay-destination link, an analytical expression for OP is derived. Monte Carlo simulation results are presented to verify the accuracy of the derived analytical model.
I. INTRODUCTION
In recent years, energy harvesting (EH) from various renewable resources such as wind, solar, magnetic induction, and radio frequency (RF) has been realized as a potential solution to prolong the lifetime of energy-constrained communication networks [1] , [2] . Among those renewable resources, RF signals are more controllable and reliable. Thus, EH from RF signals is a promising technique for future wireless communication systems [2] - [4] .
Since RF signals can also carry information, simultaneous wireless information and power transfer (SWIPT) has emerged as a hot research activity and received great interest. In many applications of SWIPT, wireless-powered relaying (WPR) is one typical application scenario for cooperative systems, in which the energy-constrained relays rely on the energy harvested from RF signals to assist the source to broadcast information [5] - [9] . Under Rician-fading scenario, the authors in [5] investigated the effects of power allocation, relay placement and power splitting (PS) factor on outage performance for WPR adopting a decode-and-forward (DF) protocol. Considering the scenario that a part of relays are employed to transmit information and the rest are used to harvest energy, an optimal and two sub-optimal relay selection schemes were proposed to minimize outage probability (OP) and to maximize the capacity simultaneously in [6] . In [7] , Yang et. al. derived the analytical expression for OP and asymptotic OP expression in high signal-to-noise ratio (SNR) regimes in underlay cognitive radio WPR networks. Modeling the relay's charging and discharging behaviour as a two-state Markov chain, Krikidis in [8] derived the analytical expression for OP as well as the steady-state distribution under four different types of relay selection schemes, namely, random relay selection (RRS), relay selection based on the closest distance, RRS with battery information, and distributed beamforming. Assuming that the relay harvests energy from both the source and interference and interference is also present at destination, throughput and OP were investigated when PS and time switching (TS) were considered at the relay with an amplify-and-forward protocol in [9] .
Recently, benefitting from the joint advantages of multi-antenna technique and WPR, WPR multiple-input multiple-output (MIMO) systems have attracted considerable attention, in which both transmitter and receiver are equipped with multiple antennas. Assuming full channel state information (CSI) is available, the authors in [10] investigated the information rate maximization problem for source-relaydestination link under both PS and TS protocols. Under the constraints of the transmit power at source and harvested power at relay, a joint optimization problem of beamforming at both source and relay was investigated using minimum mean-square error criterion in half-duplex and full-duplex modes in [11] and [12] , respectively. In [13] , an analytical expression for OP was derived based on a novel antennarelay selection method. Closed-form expressions for ergodic capacity, lower and upper bounds for OP, and throughput were presented under the TS protocol in [14] .
Note that all the aforementioned works on WPR MIMO systems are under the assumption that perfect CSI is available, which is not always valid in practice due to transmission delays and the complexity of wireless communication environments. Thus, imperfect CSI is commonly assumed specifically when employing transmit antenna selection (TAS) at the transmitter and/or adopting maximal ratio combining (MRC) to process multiple copies of signals at the receiver in the presence of feedback delay and channel estimation errors [15] - [19] . Furthermore, a linear energy harvester (EH) mode is assumed in those works, and recent advanced works in [20] and [21] showed that it is more practical to consider the EH working in a non-linear mode because of the non-linearity of the electronic devices. To the best of our knowledge, there have been no such works in literature to investigate the effects of the non-linear mode and imperfect CSI on OP performance for WPR MIMO systems.
Inspired by the above observations, we investigate the WPR MIMO system with a non-linear EH and imperfect CSI, in which a source node equipped with M (M ≥ 1) antennas transmits information to a destination node equipped with L (L ≥ 1) antennas adopting MRC scheme to process the multiple copies of signals via N (N > 1) single-antenna WPR nodes. Specifically, each WPR node is assumed to be with a non-linear EH, in which there is a constraint for the harvested power. Furthermore, the source node adopts TAS based on the outdated CSI fed back from the WPR node, and the destination node employs MRC to combine the multiple received signals with weighting errors. Due to the complex communication environments, a relay resulting in the largest instantaneous capacity cannot be always selected to assist the information transmission. Therefore, we focus on the OP performance based on a more general K th best relay selection criterion for the source-relay-destination link. In particular, an analytical expression for OP is derived. Compared with previous works, our major contribution is that we jointly consider the effects of non-linear EH and imperfect CSI on the WPR MIMO system performance in terms of OP, and formulate the analytical expressions for OP.
II. SYSTEM MODEL
In this work, a WPR MIMO system consisting of a source (S) node with M (M ≥ 1) antennas, a destination (D) node with L (L ≥ 1) antennas, and N (N > 1) single-antenna WPR nodes (R n , n ∈ {1, 2, . . . , N }) is considered. Since WPR nodes are energy-constrained, single-antenna design at the relays can simplify the hardware requirements and reduce the energy consumptions. We assume that there is no direct S-D link exists because of serious fading [9] , [22] . All fading channels are assumed to experience independent Rayleigh fading. The WPR nodes compare the received signals from all the M antennas of S, and feed back the corresponding antenna index with a binary vector of log M bits to S. After that, S performs TAS scheme to select one single antenna out of M that gives the largest instantaneous channel gain, to transmit information based on the outdate CSI fed back by relays. Thus, the channel gain of the selected antenna can be expressed as
whereh S m R n is the channel coefficient between the mth antenna of S and the nth relay R n . Note that |h S m R n | 2 has an exponential distribution with the probability density function (PDF) and cumulative distribution function (CDF) denoted as
and
respectively, where g R n is the expectation of channel power gain [23] . Since the fading channels from M antennas at S to the relay are assumed to be independent and identical distributed, the CDF and PDF of |h SR n | 2 can be expressed as [24] 
respectively.
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Furthermore, it is also assumed that each relay adopts PS protocol to coordinate the information decoding (ID) and EH from the received signal and employs the DF scheme to broadcast the decoded information to D using the harvested energy. We also assume that each relay fully relies on the harvested energy to transmit the information based on a harvest-to-use mode. Without loss of generality, a same PS factor ρ (0 ≤ ρ ≤ 1) and an energy conversion efficiency η (0 ≤ η ≤ 1) are assumed at each relay. A relay yielding the K th best performance in terms of OP for S-relay-D link is selected to assist the information transmission.
In this dual-hop relaying system, the communication process is split into two time slots. In the first time slot, S performs TAS based on the outdated CSI, and uses the selected antenna to transmit signal to the relays. The information signal received at nth relay can be expressed as
where P s and X s represent the transmit power and the transmitted symbol at S, n R n a is the additive white Gaussian noise (AWGN) with zero mean and a variance of N 0 , and n R n c denotes the signal processing noise by the information decoder at the nth relay which is also modeled to be AWGN with zero mean and a variance of σ 2 n [25] . The channel coefficient, h SR n , is the time-delayed version ofh SR n . Note that h S m R n andh S m R n are correlated with each other, and their relationship can be expressed as [26] 
where 1 ∈ [0, 1] is the correlation coefficient, and w m denotes a complex Gaussian random variable with the same distribution ash S m R n . Thus, the instantaneous SNR at R n is
The PDF expression of |h SR n | 2 can be obtained as (9) where f (|h SRn | 2 )|(|h SRn | 2 ) (x|y) is a joint PDF of |h SR n | 2 and
where λ R n = 1 g Rn and I 0 (·) is the zeroth order modified Bessel function of first kind.
Substituting (5) and (10) into (9), one has
where A p = 
It is noted that
Thus, one can re-express (12) as
In the second time slot, the selected relay R n uses the harvested energy to transmit the decoded information to D. The received signal at lth antenna of D is
where n D denotes the AWGN with zero mean and a variance of N 0 , h R n D l is the channel coefficient between R n and the lth antenna of D, and P R n represents the transmit power at R n , which is harvested from the received signal through the PS receiver in the first time slot. In this work, a nonlinear operation mode of EH is of interest. Thus, P R n can be expressed as [21] 
if P s |h SR n | 2 > P th (15) where P th denotes the saturation threshold of EH. After that, D performs MRC technique to process all the L copies of received signals. When full CSI of those channels between R n and D are available, the ideal MRC output is given as
where * denotes the conjugate operation. However, it is very difficult to obtain full CSI in practical communications. There exists some channel estimation errors to yield imperfect combiner weights. The estimated weighting factor,h * R n D l , obtained with the aid of pilot symbols [18] and [19] , is used instead of the actual value h * R n D l to give imperfect MRC output with weighting errors. The mathematical relationship betweenh R n D l and h R n D l is given as
where 2 ∈ [0, 1] is the correlation coefficient betweeñ h R n D l and h R n D l , and v l is a complex Gaussian random variable with zero mean and the same variance as h R n D l .
Next, the instantaneous SNR at D is [27] 
where
The PDF expression of |h R n D | 2 is given as [28] 
with g D represents the expectation of the channel gain, and (·) denotes the gamma function.
Following that, making use of (3.351.2 11 ) in [29] , the CDF expression of |h R n D | 2 can be obtained as
where (·, ·) is the upper incomplete gamma function. Note that F |h RnD | 2 (∞) = 1, and from (8.350.4 * ) in [29] we also have that (l, ∞) = 0. Therefore, letting x → ∞ in (21), one has L l=1 C(l) = 1, and (21) can be further simplified into
III. OUTAGE PERFORMANCE ANALYSIS
The instantaneous rate for S-R n and R n -D links can be obtained as
respectively. Based on a K th max-min criterion, the relay resulting in the K th largest instantaneous rate for S-R n -D link is selected for information transmission. Therefore, the instantaneous rate of the selected relay is given as
An outage happens when the instantaneous rate for the selected link is smaller than a target rate R s , i.e., R SRD < R s . Therefore, OP is defined as the probability that an outage occurs. Thus, one has the OP as
where (27) and (23) and (24) into (27), we have
Taking into the consideration of the nonlinearity of P R n as shown in (15), (28) can be re-expressed in a sum of two terms: one is when the received power at the relay is smaller than the saturation threshold, for example the condition that P s |h SR n | 2 ≤ P th is fulfilled; and the other is when the received power is greater that the saturation threshold, i.e., P s |h SR n | 2 > P th . Hence, one can re-wirte (28) as
where E = 
Since |h SR n | 2 and |h R n D | 2 are independent random variables, Q 1 can be solved as
Similarly, we have Q 2 as
Making use of (3.351.1) in [29] , (38) can be further simplified into
where γ (·, ·) is the lower incomplete Gamma function.
Following that, I 2 can be solved as
where H = max{D, F}. Finally, one can have OP by substituting (29), (32), (35), (36) and (40) into (26) .
IV. NUMERICAL RESULTS AND DISCUSSIONS
In this section, analytical and simulation results are presented and the effects of system parameters on OP performance are also discussed. Unless otherwise explicitly specified, the parameters of those results are set as follows: As shown in Figs. 1-9 , analytical and simulation results under various system parameters are presented. One can easily observe that analytical and Monte Carlo simulation results match well with each other, which verifies our analytical expressions.
In Figs. 1 and 2 , we show the OP performance under various N and K , respectively. From Fig. 1 , it is clear to observe that OP performance is better when the value of N is larger, as there is a higher chance to successfully select the K th best relay when more WPR nodes are available in the system. While in Fig. 2 , one can see that OP performance is improved when the value of K decreases. It is because a smaller value of K means a better relay in terms of OP is selected to transmit information.
OP performance under different M and L are shown in Figs. 3 and 4 , respectively. As depicted in Fig. 3 , the OP performance with a higher value of M is superior to that with a lower one, as a larger diversity gain is obtained due to the TAS scheme employed at S. Similarly as shown in Fig. 4 , it is observed that a higher value of L leads to better OP performance due to the increased MRC diversity advantage at D. In Figs. 5 and 6, the effects of correlation coefficients 1 and 2 on outage performance are presented, respectively. From both figures, one can easily see that the correlation acts as advantageous effect on OP performance, which means a higher value of 1 or 2 outperforms that with a lower one. Specifically, a higher value of 1 means a higher similarity between the channel gain of the selected antenna using the CSI fed back by the relay,h S m R n , and its time-delayed channel coefficient version, h S m R n , which can be also observed from (7) in Section II. Furthermore, when 2 is high, the estimated channel coefficienth R n D l is more closer to the actual channel coefficient h R n D l , which results in lower weighting errors when adopting MRC scheme at D. This relationship is also demonstrated by (17) in Section II.
As depicted in Fig. 7 , a critical value, i.e. P th /P s = 4 dB, exists for P th under certain conditions. When P th is smaller than that critical value (i.e. P th /P s < 4 dB), OP performance can be improved as P th increases. However, when P th /P s > 4 dB, increasing P th cannot result in the improvement of OP performance. It is because the saturation threshold of EH at relays is more than the maximum level of power from S, and increasing P th can only improve the energy harvesting capacity of EH at relays instead of harvesting more energy as the transmit power P s remain unchanged. Fig. 8 shows the OP versus ρ for various P s /N 0 . From those three curves, one can see an optimal point of ρ, at which OP value is the smallest. As PS scheme is adopted at the relays, a portion (i.e. 1 − ρ) of the received power is used for ID and the rest is for EH. Thus, there is a trade off between ID and EH. Specifically, as ρ increases, more received power can be split for EH to be used at the relays to transmit the decoded information in the second time slot, which in turn improves OP performance. Meanwhile, the portion used for ID is reduced. When that portion of power is under a particular threshold, information cannot be decoded correctly any more, which results in worse OP performance.
As shown in Fig. 9 , the OP performance with a higher η is superior to that with a lower one as more energy can be converted for information transmission in the second time slot at a higher energy conversion efficiency.
V. CONCLUSION
In this paper, outage performance has been investigated for a wireless-powered dual-hop relaying system with a multiantenna source node, a multi-antenna destination node, and N (N > 1) single-antenna relaying nodes. Considering the relay employing the non-linear energy harvester and adopting the power-splitting scheme, the analytical expression for outage probability has been derived based on the K th best relay selection criterion and in the presence of imperfect channel state information both at source and destination nodes. Specifically, we consider the source employs transmit antenna selection in the presence of feedback delay and the destination performs maximal ratio combining technique to process the multiple copies of signals with weighting errors. Our proposed analytical model can reveal the effects of correlation coefficients 1 and 2 and other system parameters, i.e. N , K , ρ, η, P th , M , and L, on outage performance, and can be also helpful for communication designers to design proper system parameters to satisfy the requirements of outage performance.
